Introduction
A strategy to store solar, wind, ocean current, tidal or wave energy is hydrogen production by water splitting as discussed by Bockris. 1 The water oxidation half reaction in water splitting is overwhelmingly rate limiting and needs a high overpotential (>1 V) that results in low conversion efficiencies when working at the required current densities. 1 At this high voltage, other chemicals could also get oxidized and this is environmentally unacceptable for large-scale H 2 production. 1 Thus, a significant challenge for a sustainable hydrogen economy is to design an efficient, stable, environmentally friendly and low cost water oxidation catalyst.
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While heavy metals are widely used as catalysts, organisms manage to use abundant, low cost and environmentally friendly transition metals for the same purpose.
Water oxidation in Nature is catalyzed by a Mn 4 O 5 Ca complex housed in a protein environment in photosystem II (PSII) that controls reaction coordinates, proton movement and water access. 3 Recently, the crystal structure of the manganese-calcium cluster of PSII at an atomic resolution was reported by Shen and his co-workers (Fig. 1a) . 4 In this structure metal ions, one calcium and four manganese ions, are bridged by five oxygen bridges (Fig. 1a) . Four water molecules were also found in this structure of which two of them are suggested as the substrates for water oxidation. 4 In the past few years, there has been a major research effort for the synthesis of various manganese complexes aimed at simulating the water oxidizing complex of PSII. 5 However, no manganese complex has been discovered so far that is able to act as a homogeneous catalyst for water oxidation, 6 although Shilov, Morita and Harriman introduced manganese oxides as catalysts for water oxidation. 7 Recently, Najafpour et al., aimed at simulating the Mn 4 O 5 Ca cluster in PSII, introduced manganese-calcium oxides as efficient catalysts for water oxidation. 8 These layered manganese-calcium oxides are very closely related to the water oxidizing cluster in PSII (Fig. 1b) . 8e Here, the layered manganese-calcium oxide powder shows electrocatalytic properties in strongly acidic solution. One of the problems with determining the catalytic activity of powders is that the electrode fabrication method can play a critical role in the overall performance of the material. In this study, we used two methods to measure the electrocatalytic activity for the oxygen evolution reaction (OER) of the layered manganese-calcium oxide powder; one where the catalyst was mixed with Nafion as a binder and a conductive carbon and cast onto an inert glassy carbon (GC) electrode, and a second where the catalytic activity of the powder was measured directly in a slurry without fabricating an electrode. For the direct measurement, i.e. without fabricating an electrode, the catalyst powder was suspended in the electrolyte and was stirred so that individual particles were continually in contact with the inert working electrode. If the working electrode has a high overpotential for the OER, as GC does, one can determine the catalytic properties of the powder and we show that these results are in good agreement with those with the fabricated electrode.
Materials and methods
All reagents and solvents were purchased from commercial sources and were used without further purification. MIR spectra of KBr pellets of compounds were recorded on a Bruker vector 22 in the range between 400 and 4000 cm −1 .
TEM and SEM were carried out with a JEOL JEM 2010 Fas TEM operating at 200 kV and LEO 1430VP, respectively. The X-ray powder patterns were recorded with a Bruker, D8 ADVANCE (Germany) diffractometer (Cu-Kα radiation). Manganese atomic absorption spectroscopy (AAS) was performed on an Atomic Absorption Spectrometer Varian Spectr AA 110. Prior to analysis, the oxides (10.0 mg metal) were added to 1 mL of concentrated nitric acid and H 2 O 2 , left at room temperature for at least 1 h to ensure that the oxides were completely dissolved. The solutions were then diluted to 25.0 mL and analyzed by AAS.
Synthesis of compounds
Different conditions were used to obtain the catalysts for water oxidation but the best catalyst was synthesized using the following conditions: 
Electrode fabrication method
In the first method, an electrode was fabricated by dropcasting the layered manganese-calcium oxide powder onto a GC electrode. To effectively coat the GC electrode, a suspension was made by combining 2.5 mg of the catalytic powder, 0.88 mg of conductive carbon (Vulcan), 125 μL of 5 wt% Nafion solution (Sigma-Aldrich), and 625 μL of deionized Milli-Q water. After sonicating this suspension for ∼15 min it was drop-cast onto a 3 mm GC electrode (CH Instruments) by applying 40 μL of the suspension onto the electrode and allowing it to air dry for over 12 h. The electrochemical measurements were performed in a specially designed borosilicate glass U-type cell in a 3-electrode configuration. The working electrode was a 3 mm GC disk electrode (CH Instruments), the counter electrode was a Pt wire, and an Ag/AgCl electrode was used as the reference. However, all experiments are reported potential vs. the reversible hydrogen electrode (RHE). The electrochemical characterization was done by linear sweep voltammetry using an Autolab PGSTAT128N potentiostat (Metrohm USA, Inc.) at a scan rate of 1 mV s −1 . Comparisons of the catalytic activity for the OER were made between a bare GC electrode and a GC electrode coated with the layered manganese-calcium oxide. Each sequence of tests for the layered manganese-calcium oxide coated electrodes was repeated twice under 3 different electrolyte and pH conditions pH = 1 (0.1 M trifluoroacetic acid (TFA)), pH = 7 (0.2 M phosphate buffer solution), and pH = 14 (1 M NaOH). The phosphate buffer solution was made by diluting a 1 M stock solution, which was made by dissolving 4.97 g of Na 2 HPO 4 with 1.93 g of NaH 2 PO 4 in 50 mL of deionized Milli-Q water.
Direct convective-suspension-collision technique
In addition, the catalytic activity of the layered manganesecalcium oxide powder for the OER was also measured directly by a convective-suspension-collision technique. In this Fig. 1 The crystal structure of the manganese-calcium cluster and its amino acids around it at an atomic resolution (a). 4 The manganese-calcium cluster of PSII (b) . 4 Motif of edge-sharing MnO 6 octahedra (di-μ-oxido bridging) in the technique, which is a large-scale version of the technique used to look at single nanoparticles collisions, 12 catalytic powders suspended in an electrolyte are continuously stirred such that they collide with a working electrode. Before measuring the catalytic activity of the powders, a background measurement was performed to determine the onset potential for oxygen evolution of a bare GC electrode. Prior to each experiment, the GC electrode was polished with 0.3 μm alumina powder and subsequently washed with deionized Milli-Q water. Again, the electrochemical characterization was done by LSV using an Autolab PGSTAT128N potentiostat (Metrohm USA, Inc.) at a scan rate of 1 mV s −1 while stirring with a ∼1 cm magnetic stirrer bar at 600 rpm. Two complete forward and reverse scans were performed on the bare GC electrode, and the second forward scan from each batch is reported. After performing LSV on the bare GC electrode, the test was repeated with the addition of the catalytic powders. Here, 2 mg of the catalytic powder was added to 10 mL of the electrolyte in the center section of the U-type cell. The catalytic powderelectrolyte suspension was sonicated for ca. 15 min prior to electrochemical testing. Stirring at 600 rpm allowed the powder to remain in suspension and make sufficient contact with the GC electrode. To determine the catalytic activity, the LSVs of the GC electrode both with and without the catalytic powder were compared. Each sequence of tests for the layered manganese-calcium oxide powder was repeated twice under 3 different electrolyte and pH conditions pH = 1 (0.1 M HClO 4 ), pH = 7 (0.2 M phosphate buffer solution), and pH = 13 (0.1 M KOH). In addition, LSV on a 2 mm Pt disk electrode (CH Instruments) in the absence of the catalytic powder was also performed for comparison in each of the electrolytes.
Results and discussion
The compound was easily synthesized by the reaction of potassium permanganate, manganese(II) acetate and calcium chloride in the presence of potassium hydroxide (ESI †). The nanometer-size of the particles ensures that most of the active sites are at the surface where they behave as water oxidizing sites. In IR spectra of the compound, a broad band at ∼3200-3500 cm −1 related to antisymmetric and symmetric O-H stretching and that at ∼1630 cm −1 related to H-O-H bending are observed (ESI †).
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Characteristic absorption peaks in 400-800 cm −1 are due to
Mn-O and Ca-O vibration. 10 The oxide was found to be amorphous as XRD data for the compound are of very poor resolution (Fig. 2) . However, the peak near the 2.4 Å spacing (2θ ∼ 38), observed in all octahedrally coordinated manganese oxide materials, was observed in XRD patterns of the compound. 11 Recently, we investigated the structure of this compound using extended-range X-ray absorption spectroscopy (XAS) at the K-edges of both manganese and calcium. The XAS results reveal striking similarities between the synthetic oxide and the manganese-calcium cluster of PSII (Fig. 1) . Two different calcium-containing motifs were identified. One of the motifs was the formation of Mn 3 CaO 4 cubes, as also proposed for the natural paragon in PSII, while the other calcium ions probably interconnected oxide-layer fragments.
To characterize the morphology of the prepared compound, oxide was studied by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM images show that the compound consists of aggregates of fundamental nanoscale particles from 20 to 70 nm in size (Fig. 3) . The TEM picture allowed us to determine that the compound consists of nano-sheets. The high concentration of potassium hydroxide was found to be very important in synthesis of this nanometersize compound.
Linear sweep voltammograms were generated for the layered manganese-calcium oxide coated GC electrode and a bare GC electrode in electrolytes of pH = 1, pH = 7, and pH = 14 (Fig. 4) .
As shown in Fig. 4 , pH strongly affects the relative oxygen evolution activity of the layered manganese-calcium oxide powder. The layered manganese-calcium oxide has the highest catalytic activity for oxygen evolution under acidic conditions. This is demonstrated by the significantly less positive onset potential in the LSVs shown in Fig. 4A . In the pH = 7 solution, the oxygen evolution activity of the layered manganesecalcium oxide powder became only slightly better than that of GC (Fig. 1B) . The catalytic activity decreases further when the pH was increased to 14, as demonstrated by the layered manganese-calcium oxide coated electrode having a lower activity for oxygen evolution than GC.
To check the stability of the layered manganese-calcium oxide-electrode, three consecutive LSV sweeps were performed on the coated electrode under acidic conditions (Fig. 5) . Here we found that the first sweep of the layered manganesecalcium oxide coated electrode initially shows a higher catalytic activity for oxygen evolution than GC as also shown in Fig. 4A . However, as the potential becomes more positive, the layered manganese-calcium oxide coated electrode begins to follow the LSV of GC. Subsequent sweeps of the layered manganese-calcium oxide coated electrode showed a decrease in catalytic activity until eventually, the LSVs were indistinguishable from the bare GC electrode. This demonstrated the difficulty in creating electrodes from catalytic powders because this decrease in activity could be due to deactivation of the catalysts or, more likely loss of the catalysts from the GC support electrode during oxygen bubble formation.
To characterize the catalytic powders without the need to fabricate electrodes, LSV was performed using the convectivesuspension-collision technique in three different electrolytes (as in Fig. 4 ) -0.1 M HClO 4 ( pH = 1), 0.2 M PBS ( pH = 7) and 0.1 M KOH ( pH = 13). Again as with the coated electrodes shown in Fig. 4 , there is a strong pH dependence on the catalytic activity of the layered manganese-calcium oxide powder. It showed the highest activity under acidic conditions, which is comparable to the catalytic activity for oxygen evolution on Pt (Fig. 6 ). In the 0.2 M PBS and 0.1 M KOH solutions, the oxygen evolution activity of the layered manganese-calcium oxide powder was only slightly higher than that of GC and lower than that of Pt (Fig. 6B,C) . This pH trend for the convective-suspension-collision technique matches well with the technique in which the layered manganese-calcium oxide powder was cast onto the electrode.
The oxygen evolution reaction is a four-electron-transfer inner-sphere reaction with a complex mechanism. Thus, to quantify the kinetics for the samples tested using the convective-suspension-collision technique in acidic solution, the experimental data were fit to the Butler-Volmer relation assuming total irreversibility and no mass-transfer effects as shown in eqn (1),
where f is F/RT, and η is the overpotential defined as E − E 0 which in our case is E − (1.23-0.059 pH) V. Using a best-fit approach, the exchange current density, i 0 , and the transfer coefficient, α, were determined for GC, Pt, and the layered manganese-calcium oxide.
The experimental results along with the best-fit curves from eqn (1) are shown in Fig. 7 . The average values of the two experimental results for the GC and the layered manganesecalcium oxide experiments were used to determine i 0 and α. In addition, the solution resistance, R s , was measured for each test and the iR s drop was subtracted from the experimental data. From the simulations, we determined the values of i 0 and α for oxygen evolution on GC to be -4.50 × 10 −8 A cm
and 0.69, respectively. The exchange current density for Pt was over one order of magnitude higher at -5.13 × 10
with a similar value of α, 0.69. The exchange current density 
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for the layered manganese-calcium oxide powder was also about one order of magnitude higher than that of bare GC at -4.78 × 10 −7 A cm −2 , and only slightly lower than what was measured with Pt. The layered manganese-calcium oxide powder also had a similar transfer coefficient to the other two samples at 0.71. The assignment of the measured faradaic current to the OER is based on that reaction being the most probable oxidation under the experimental conditions. Alternatives would be catalyzed GC oxidation or Mn(II) oxidation. However experiments are being carried out using scanning electrochemical microscopy (SECM) that will be reported separately, in which oxygen generated at a catalyzed GC substrate is measured at the tip to obtain a quantitative evaluation of the current efficiency for oxygen evolution.
The stability of the catalyst
Hundreds of amino acids are around the manganese-calcium cluster in PSII. 4 However, only a small fraction of the residues come in direct contact with the manganese-calcium cluster, and few of them are directly involved in catalysis. Roles for the residues that come in contact directly with the manganesecalcium cluster could be regulation of charges and electrochemistry of the manganese-calcium cluster, help in coordinating water molecules at appropriate metal sites, and in the stability of this cluster. For the manganese-calcium electrocatalyst used here, after treatment for 24 h with Ce(IV) (0.1 M, both oxidant and acidic solution, pH = 1), 5% manganese and 23% calcium were found to leak into solution. The amounts with treatment in only water are 0% and 11% for manganese and calcium, respectively (Table 1) . It is important to note that the layered structure of these compounds shows no changes at the end of reactions but redox-inert ions in the structure may be replaced by other cations in solution (for example Ce(III), K(I), Na(I), H 3 O + and so on). 8a,13 However, for some layered manganese oxides, we observe no special effect of the redox-inert ions but generally a redoxinert ion does increase the water oxidation activity of manganese oxide toward water oxidation. 8, 13 The efficiency of layered manganese oxides could be related to the open structure, small particle size and probably chemical changes of these oxides because of incorporation of redoxinert ions, in the structure.
14 For example, Agapie et al. have reported a potential role for calcium in facilitating high oxidation states at a calcium-manganese multinuclear complex.
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In conclusion, the layered manganese-calcium oxide powder has relatively good kinetics for the oxygen evolution reaction under acidic conditions, but significantly slower under neutral and basic conditions. We verified these results using two different experimental techniques, one where the layered manganese-calcium oxide powder was cast onto a GC electrode and another where the catalytic activity was measured directly using a convective-suspension-collision technique. , α = 0.70). 
